Many cells express receptors for plasminogen (Pg), although the responsible molecules in most cases are poorly defined. In contrast, the group A streptococcal surface protein PAM contains a domain with two 13-amino acid residue long repeated sequences (a1 and a2) responsible for Pg binding. Here we identify the region in Pg that interacts with PAM. A radiolabeled proteolytic plasminogen fragment containing the first three kringles (K1-K3) interacted with streptococci expressing PAM or a chimeric surface protein harboring the a1a2 sequence. In contrast, plasminogen fragments containing kringle 4 or kringle 5 and the activable serine proteinase domain failed to bind to PAM-expressing group A streptococci. A synthetic and a recombinant polypeptide containing the a1a2 sequence both bound to immobilized recombinant K2 (rK2) but not to rK1 or rK3. The interaction between the a repeat region and rK2 was reversible, and rK2 completely blocked the binding of Pg to the a1a2 region. The binding of the a repeat containing polypeptide to K2 occurred with an equilibrium association constant of 4.5 ؋ 10
The plasma glycoprotein plasminogen (Pg) 1 is a single-chain 92-kDa precursor for the broad spectrum serine proteinase plasmin (1, 2) (see Fig. 1A ). In vivo, the tissue-type and urokinase-type plasminogen activators convert the zymogen into the two-chain proteinase by cleavage of a single peptide bond (Arg 561 -Val 562 ). Activation can also be achieved by some bacterial proteins, such as streptokinase from streptococci (1, 2) . Plasmin plays a key role in fibrinolysis (1-3) but also participates in several other physiological and pathophysiological processes, including wound healing, tissue penetration of cancer cells, neuronal cell death, and bacterial dissemination (4 -8) .
The activable serine proteinase domain is located in the COOH-terminal third of Pg. The NH 2 -terminal two-thirds of Pg contains an 8-kDa preactivation peptide and five characteristic kringle domains (K1-K5), each ϳ9 kDa. The kringles mediate interactions with multiple ligands, including fibrin, the primary target of Pg, and ␣ 2 -plasmin inhibitor, its principal regulator (1, 2) . The recognition events depend upon interactions between lysine-binding sites in the kringles and exposed COOH-terminal lysines in the ligands. Lysine analogues, such as 6-aminohexanoic acid (6-AHA), mimic COOH-terminal lysines in the interaction with kringles and the structural basis of the interactions between some kringles, particularly K1 and K4, and 6-AHA has been disclosed (9 -12) . The affinity of the different kringles for lysine or 6-AHA is variable, such that K1 displays the highest affinity, whereas K3 shows no measurable interaction with 6-AHA (13, 14) . Some kringles, notably K1 and K5, also bind lysine analogues and proteins lacking a carboxylgroup. The molecular requirements for these "pseudo-lysine" interactions have not been disclosed.
Many cell types, including normal cells, e.g. endothelia and monocytes, as well as malignant cells, including melanoma and breast cancer cells, express surface structures interacting with Pg (15) (16) (17) (18) . The recent demonstration that kringle-containing fragments of plasminogen (designated angiostatin) suppress growth of tumor metastases in vivo by inhibiting angiogenesis supports an important role for at least some of these receptors (19, 20) . However, in most cases, the responsible cell surface receptors are poorly defined, although several candidates have been forwarded (15, 17, 18) . In contrast, the group A streptococcal surface protein PAM (for Pg-binding group A streptococcal M-like protein), a 43-kDa member of the M protein family, binds Pg with high affinity (21, 22 ) (see Fig. 1B ). The streptococcal-bound zymogen can be converted to plasmin by endogenous streptokinase (22) . Two lysine-containing 13-amino acidlong repeated sequences (a1 and a2) located in the surfaceexposed NH 2 terminus of PAM mediate the interaction with Pg (22, 23) . In this paper we show that K2, although binding very weakly to free lysine or lysine analogues (13, 14) , mediates high affinity binding of Pg to PAM and its internal a repeats.
MATERIALS AND METHODS
Bacterial Strains and Culture Conditions-The origin and properties of the PAM-expressing group A streptococcal strain AP53 (21) and the M protein-negative strain JRS145 (24) have been described previously. JRS145(Arp) contains the shuttle plasmid pJRS264 (25) that encodes the IgA-binding group A streptococcal surface protein Arp4 (IgA-binding group A streptococcal M-like protein), whereas JRS145(Arp/a1a2) carries a derivative of pJRS264 in which the IgA binding encoding region of the arp4 gene (26) has been replaced by the a repeat-encoding sequence of the pam gene (21) . Streptococci were grown in Todd-Hewitt broth at 37°C for 16 h. Transformed Escherichia coli LE392 were grown in LB medium containing 100 mg L Ϫ1 of ampicillin. Plasminogen and Fragments Thereof-Pg was purified from human or rhesus plasma on lysine-agarose. Proteins bound to the agarose were eluted with 0.2 M 6-AHA. Fractions containing only Pg, as judged by SDS-polyacrylamide gel electrophoresis analysis, were pooled and dialyzed against 0.15 M NaCl, 0.03 M phosphate, pH 7.2 (PBS). The proteolytic fragments K1-K3, K4, and mini-plasminogen (m-Pg), which encompasses K5 and the serine proteinase domain, were obtained by partial cleavage of human Pg by elastase and purified as described (27) . Construction, expression, and purification of rK1(SE[K1]D) has been previously described (12) (13) . rK2 and rK3 were expressed with a NH 2 -terminal hexahistidine (His 6 ) tag to facilitate purification. The tag is followed by a recognition sequence for factor Xa allowing its removal after purification.
PAM Polypeptides-For construction of the a1a2-protein L fusion protein (VEK32B1), a DNA fragment encoding a PAM sequence with six amino acids residues from the region preceding a1 and the combined a1a2 repeat sequence was generated by polymerase chain reaction using chromosomal DNA from AP53 streptococci as template and the synthetic oligonucleotides P1 (5Ј-GTTGAGAAGCTTACCGCTGATGCT-GAGTTGCAACGACTTAAAAAC-3Ј) and P2 (5Ј-ATGATCATGTCTCT-CGCTTTTTCTCTCGCTTTTAAGTCG-3Ј) as primers. Recognition sites for HpaII and NcoI were introduced by the primers for directional cloning. The resulting fragment was digested with HpaII and NcoI and ligated with the NarI-and NcoI-digested expression vector pHDB1. The inserted fragment was expressed as a periplasmic hybrid protein with the Ig-binding domain (B1) of peptostreptococcal protein L (28) as a COOH-terminal fusion partner. Construction of the chimeric arp/a1a2 gene has been described (22) . Synthesis of a 30-mer PAM peptide (VEK30, VEKLTADAELQRLKNERHEEAELERLKSEY) encompassing six amino acid residues from the region preceding a1, the 13-amino acid-long a1 region, ten residues from the a2 region, and an unrelated COOH-terminal tyrosine included for labeling purposes was performed as described previously (23) .
Radiolabeling of Proteins and Binding of Radiolabeled Ligands to Streptococci-Proteins and polypeptides were labeled to a specific activity of 1-5 mCi mg Ϫ1 with 125 I using the Chloramine-T method. The function of radiolabeled K1-K3 and K4 was assessed by the capacity to bind to lysine-Sepharose, whereas the function of radiolabeled m-Pg was analyzed by its ability to bind to the group G streptococcal strain DG23 (29) . Binding of 125 I-labeled proteins to bacteria was measured in a total volume of 250 l of PBS containing 0.1% (v/v) Tween 20. Following incubation for 60 min at 20°C, 2 ml of PBS containing 0.1% Tween 20 was added, and the bacteria were centrifuged at 4000 ϫ g for 5 min. The supernatant was discarded, and the radioactivity associated with the pellet was measured in a ␥ counter.
FIG. 1. Schematic representations of plasminogen and PAM.
A, the preactivation peptide (PAP), the kringle domains (K1 through K5) and the serine proteinase domain (SP) of Pg have been depicted. B, PAM contains a surface-exposed NH 2 -terminal variable sequence with two 13-amino acid residue-long a repeats that account for the Pgbinding, central C repeats (C1, C2, and C3) typical of streptococcal M proteins and a conserved region that anchors the protein in the streptococcal cell wall (W). A sequence of PAM (VEK30, VEKLTADAELQR-LKNERHEEAELERLKSEY) that comprises 6 residues from the region preceding a1, a1, 10 residues from a2, and an unrelated COOH-terminal tyrosine residue was synthesized as a polypeptide. Similarly a hybrid protein (VEK32B1) with the PAM-derived sequence VEKLTA-DAELQRLKNERHEEAELERLKSERHD was expressed recombinantly with the Ig-binding B1 domain from peptostreptococcal protein L as a COOH-terminal fusion partner. The bars representing the sequence segments of the proteins have not been drawn to scale. Protein-Protein Interactions-Proteins were applied to polyvinylidene difluoride membranes using a manifold. The membranes were blocked in PBS containing 0.25% gelatin and 0.25% Tween 20 (blocking buffer). Following incubation for 3 h at 20°C with 125 I-labeled protein diluted in blocking buffer, the membranes were again washed with blocking buffer. The membranes were air-dried and autoradiographed for 48 h.
For binding analysis in microtiter plates, wells were coated with 100 l of the proteins, resuspended in PBS at various concentrations, and incubated overnight at 4°C. The following day, 100 l of blocking buffer was added, and the plates were again incubated overnight at 4°C. On day 3 the plates were washed with blocking buffer containing 0.1% bovine serum albumin. The ligand, for some experiments mixed with competitors at different concentrations, was added in a total volume of 150 l in blocking buffer with 0.1% bovine serum albumin. After incubation at 20°C for 4 h, the plates were washed four times in blocking buffer. Binding of rK2-His 6 to immobilized VEK, was detected by enzyme-linked immunosorbent assay using alkaline phosphatase-labeled nickel-nitrilotriacetic acid resin as a secondary probe, whereas for other binding experiments radiolabeled ligands were used, measuring the association of the radiolabeled proteins to the microtiter wells in a ␥ counter.
Association and dissociation rate constants for the binding of VEK32B1 to Pg or Pg fragments were determined by surface plasmon resonance, using Biacore-X equipment (Biacore, Uppsala, Sweden) following the instructions supplied by the manufacturer. Pg fragments were resuspended in 10 mM sodium acetate, pH 3.0, and coupled to CM-5 sensor chips using amine coupling chemistry. The chips were regenerated using 0.1 M glycine-HCl, pH 2.0. Association and dissociation rates were measured at 25°C with a continuous flow rate of 20 l/min using PBS with 0.05% Tween 20 as buffer and with VEK32B1 at concentrations varying from 0.3 to 33 M. Calculations of the association and dissociation rate constants were done using the BIAevaluation 3.0 software.
RESULTS
To map the region in Pg (Fig. 1A ) mediating the interaction with PAM (Fig. 1B) , we first measured the ability of radiolabeled elastase-generated human Pg fragments to bind to three group A streptocccal strains expressing different M proteins: the PAM-expressing strain AP53, the strain JRS145(Arp) that expresses the IgA-binding protein Arp4, and the strain JRS145(Arp/a1a2) that expresses a chimeric surface protein in which a 36-amino acid-long sequence overlapping the IgA-binding site of Arp4 has been replaced with the combined a1a2 repeats of PAM. A fragment encompassing K1-K3 bound to the PAM-expressing group A streptococcal strain AP53, whereas fragments containing K4 alone or K5 and the proteinase domain (m-Pg) showed almost no binding to this strain (Fig. 2,  A-C) . Furthermore, radiolabeled K1-K3, but not K4 or m-Pg, bound to JRS145(Arp/a1a2) streptococci. In contrast, no binding of any of the fragments occurred to JRS145(Arp) bacteria. Next, a 30-mer synthetic polypeptide, VEK30, containing the a repeat region of PAM, was radiolabeled and used to probe the proteolytic Pg fragments immobilized on polyvinylidene difluoride membranes. Significant binding occurred to the immobi- lized K1-K3 fragment, whereas only very weak reactivity occurred with K4 (Fig. 2D) . No detectable interaction occurred with m-Pg. Similar results were obtained when probing the Pg fragments with the radiolabeled recombinant VEK32B1 hybrid protein that also contains the a repeat sequence (data not shown). Together, these data show that K1-K3 comprises the major PAM-reactive region of Pg.
To further localize the domain in Pg interacting with the a repeats of PAM, recombinant fragments spanning the K1-K3 region were used. The fragments were immobilized in microtiter plates and were probed with 125 I-labeled VEK30 or 125 Ilabeled VEK32B1. Binding of both these PAM-derived polypeptides occurred to rK2, but not to rK1 or rK3 (Fig. 3, A and B) . The interaction with rK2 was reversible, as judged by experiments in which different concentrations of unlabeled VEK30 were allowed to compete with 125 I-labeled VEK30 for the binding to immobilized rK2 (Fig. 4A) . Moreover, binding of soluble rK2-His 6 to immobilized VEK30 could be detected in enzymelinked immunosorbent assay experiments (Fig. 3C) . A role for K2 in the binding of Pg to PAM was further established by the demonstration that rK2 completely blocked the binding of 125 Ilabeled Pg to immobilized VEK30 (Fig. 4B) . In fact, parallel inhibition curves were obtained when using various concentrations of unlabeled rK2 or of the entire Pg molecule as competitors. Moreover, equimolar concentrations of Pg and K2 were required to block the binding to VEK30, suggesting a similar affinity for the ligand.
To compare the strength of the interactions, the binding of VEK32B1 to the recombinant kringles or to Pg was analyzed by surface plasmon resonance. Expectedly, VEK32B1 interacted with K2 but showed no affinity for rK1 or rK3. The equilibrium constant for the VEK32B1-rK2 interaction was determined to be 4.5 ϫ 10
M
Ϫ1 . This value compares reasonably well with the affinity constant calculated for the VEK32B1-Pg interaction (1.6 ϫ 10 7 M Ϫ1 ) using surface plasmon resonance (Table I) and is also consistent with the value (4.0 ϫ 10 7 M Ϫ1 ) calculated from Scatchard analysis of competitive binding experiments in which 125 I-labeled VEK30 and unlabeled VEK30 were allowed to compete for the binding to immobilized Pg (data not shown).
K2 binds weakly to lysine or 6-AHA (13, 14) . Nevertheless, involvement of the lysine-binding site of K2 in the interaction with the a1a2 repeat region was suggested by the demonstration that 6-AHA completely inhibited the binding of 125 I-labeled VEK30 to rK2 (Fig. 4C) . Results from experiments with rhesus Pg support this suggestion. Thus, K2 in rhesus Pg differs from its human counterpart only in two positions ( Fig.  5D and Refs. 30 and 31), both of which are immediately adjacent to conserved negatively charged amino acid residues involved in the 6-AHA contacts with K1 and K4 (9 -12) . As opposed to human Pg, plasminogen from rhesus showed little binding to group A streptococci expressing PAM or the Arp/ a1a2 chimeric protein (Fig. 5A) . Moreover, 125 I-labeled VEK30 failed to bind purified rhesus Pg (Fig. 5B) and also failed to inhibit the interaction between 125 I-labeled human Pg and VEK30 (Fig. 5C ). Because human K2 obviously plays an crucial role for the Pg interaction with PAM, it appears that amino acid differences in the immediate vicinity of the negatively charged center of the lysine binding site has a significant effect upon this interaction. ; Ref. 22) are likely due to a loss of conformation of the a repeat region when synthesized as a short oligopeptide or when expressed linked to a nonhelical fusion partner. Thus, several of the binding functions of streptococcal M proteins, including their IgG and fibrinogen binding capacity is highly dependent upon maintenance of the ␣-helical coiled-coil structure normally adopted by these proteins (32, 33) . Recent evidence suggests that this is also true for the plasminogen binding property of PAM. 2 To our knowledge the Pg-PAM interaction is the first example of an interaction between a kringle domain and an internal protein sequence to be characterized. Further analysis of the system by biophysical methods, such as NMR or crystallography, should therefore provide information on the structural requirements for interactions between kringles and pseudolysine-containing target sequences in ligands lacking carboxylterminal lysines such as plasminogen itself (34), basementmembrane (type IV) collagen (35) , fibronectin (36) , laminin (36) , and complement factor 7 (37) .
In addition, the observations could suggest a role for K2 in interactions with receptors on other cell types. Thus, because Pg binding by PAM is mediated by an internal sequence, the possibility that such sequences also contribute to Pg binding by human cells should be considered. The existence of internal Pg-reactive sequences in human cell surface proteins is supported by the finding that treatment of such cells with carboxypeptidase B, thereby removing COOH-terminal lysines, only partially reduced Pg binding (38) . Furthermore, because K2 only binds weakly to lysine itself, interactions with unphysiologically exposed lysines during culturing or preparation of cells should be minimal, facilitating the evaluation of results obtained in binding studies.
